Abstract-"Cognitive radio" is an emerging technique to improve the utilization of radio frequency spectrum in wireless networks. This paper discusses the problem of spectrum sharing among primary users and secondary users, and carries out the centralized spectrum allocation with the following two goals: (1) maximize system's sum bandwidth reward, and (2) maximize second users' access fairness. The spectrum allocation problem is formulated into a multi-objective optimization problem aiming at optimizing the system's overall performance and reducing to a graph coloring problem. Graph coloring problem is a well known NP-hard problem. A swarm intelligence based algorithm, particle swarm optimization (PSO), is used to solve the problem. Simulations are conducted to compare the proposed methods with the CSGC algorithms under the Collaborative-Max-Sum-Reward (CSUM) and Collaborative-Max-Proportional-Fair (CMPF) rules. Our experiment results show that the proposed method provides a good tradeoff between the system's sum bandwidth reward and the secondary users' access fairness, and has a better system overall performance. The paper gives an effective method for the spectrum allocation of cognitive radio networks.
INTRODUCTION
Along with the information age's arrival, the problem of spectrum scarcity is becoming more and more serious. At present, existing wireless communication systems use the fixed frequency spectrum allocation method under the authorized scheme. This method has low efficiency and causes a good deal of waste of the limit spectrum resources. In order to alleviate the pressure of the shortage of frequency spectrum resources, cognitive radio emerges on time [1] [2] . Based on the definition of cognitive radio, researchers proposed a kind of open approach to spectrum access. Open spectrum allows unlicensed users (secondary users) to use the spectrum that the licensed users (primary users) current unused (white spaces), thereby raising the utilization rate of the wireless frequency spectrum.
The cognitive radio senses the environment and adapts itself to the changing environment through dynamic adjusting of the radio parameters, such as power, carrier modulation, and coding. Cognitive radio systems can intelligently use the white spaces and communicate reliably without interfering with the primary users whenever and wherever, thereby maximizing the spectrum utilization rate. This paper discusses the allocation of the idle bands among secondary users after the system finish spectrum detecting. The spectrum allocation problem is the research hot spot in the field of cognitive radio. In recent years, researchers have studied about how to use the spectrum efficiently and flexibly. A graph theory based algorithm, Color-Sensitive Graph Coloring (CSGC), was proposed in [3] , and the author abstracts the spectrum allocation problem into the graph coloring problem, but the algorithm's execution time increases with the increase of spectrum channels. In [4] , the author proposed a parallel algorithm for spectrum allocation. The algorithm attains the same spectrum allocation benefit as CSGC algorithm while requiring less executing time, but it cannot ensure the secondary users' access fairness. So there are still many faulty aspects that need to be improved.
In this paper, after analyzing and discussing the graph coloring model of spectrum allocation, a novel spectrum allocation algorithm based on PSO, a swarm intelligence based algorithm, is proposed. System's sum bandwidth reward, secondary users' access fairness, and system's overall performance are used respectively as the fitness functions. Comparing the proposed methods with the CSGC algorithm under the CSUM and CMPF rules, the proposed method provides a good trade off between system's sum bandwidth reward and secondary users' access fairness, and has a better overall system performance. The experiment results verify the algorithm's feasibility and superiority.
The rest of this paper is organized as follows. Section 2 gives a short introduction about PSO algorithm. In section 3, the system model, problem formulation, and detail spectrum allocation algorithm are given. Section 4 contains the simulation results and the analysis. Section 5 gives concluding remarks.
II. PSO ALOGORITHM
The PSO algorithm stochastic initializes a population in D-dimension search space [5] [6] [7] . The individuals of the population are called particles and each individual represents a possible solution. The fitness function decides the solution's quality. Each particle flows through the Ddimension search space and the movement is influenced by two factors: its own best solution and any particle's best factors, which are called cognitive component and social component respectively. As the particle traverses through the search space, because of the first factor, each particle stores its own best solution in memory and experiences a pull towards this position, called pbest; as a result of the second factor, the particle also stores any other particle's best factors in memory and experiences a pull towards this position, called gbest. In term of fitness, the value of pbest and gbest will be updated if a more dominate solution is found by the particle and by the population after each iteration. This process is continued iteratively until either the desired result is achieved or the computational power is exhausted.
The standard PSO defines each particle in the Ddimensional space as 
Where χ is known as constriction coefficient; w is the inertia weight; c 1 and c 2 are the learning rates; and r 1 , r 2 are two random vectors uniformly distributed in [0, 1] .
The binary PSO is used in this paper. The velocity and the position update equations for the binary model are given as following:
III. SPECTRUM ALLOCATION FOR COGNITIVE RADIO NETWORKS

A. Scenario description and allocation modeling
The allocation model of cognitive radio can be described with channel availability matrix, channel reward matrix, interference constraint matrix, and conflict free channel assignment matrix. We assume that N secondary users indexed from 0 to N-1 needs to communicate, and M idle bands indexed from 0 to M-1 can be used [3] . The concerned matrixes are defined concretely as following:
Channel availability matrix L: Given a certain conflict free channel assignment, the system's sum bandwidth reward is calculated as U, that is,
The secondary users' access fairness can be described as following:
In formulation (6), the bigger U is, the larger bandwidth reward the system will acquired. In equation (7), 1 σ is the estimate of standard deviation of the secondary users' bandwidth reward. The bigger 1 σ is, the worse the users' access fairness will be.
The channel allocation is to maximize system's sum bandwidth reward and maximize secondary users' access fairness. Given the model above, we can construct the following optimization model:
Constraints:
B. Model analysis
The spectrum allocation problem is abstracted to graph coloring problem according to its character. We define a bidirection graph G= (U,E C ,L B ), where U is a set of vertices, namely the set of all secondary users; E C is a set of undirected edges between vertices decided by interference constraint matrix C; L B contains the color list and the weighting coefficient at each vertex, which are decided by channel availability matrix L and channel reward matrix B. If C n, k,,m =1，means users n and k would interfere with each other if they use channel m simultaneously, and they have an edge colored m between them. The conditions of conflict free channel assignment can be reduced to: If there is an edge m between the two vertices, the two vertices should not be colored simultaneously. In order to allocate the spectrum quickly, we can divide graph G into several sub-graphs, and color the sub-graphs simultaneously.
Spectrum allocation problem of cognitive radio is a nonlinearity, multi-object and discrete optimization problem. The conventional methods often cannot solve it, and PSO algorithm is a novel intelligent computing method of solving this kind of optimization problem.
C. PSO spectrum allocation algorithm (1) Fitness function design
This paper main considers the system's sum bandwidth reward, secondary users' access fairness and the system's overall performance. The fitness function is as follows:
Where w 1 , w 2 are two random real number uniformly distributed in [0, 1], and correspond to the two weights of object (8) and object (9) respectively. w 1, w 2 are decided by system's performance demand. If w 1 =1 ， w 2 =0, namely, choose system's sum bandwidth reward as the fitness function, and the algorithm only has to maximize the system's sum bandwidth reward. If w 1 =0，w 2 =1, namely, choose estimate of standard deviation of secondary users' bandwidth reward as the fitness function, and the algorithm only has to maximize the secondary users' access fairness. If w 1 =0.5，w 2 =0.5, the algorithm considers both the system's sum bandwidth reward and secondary users' access fairness, and tradeoff between them.
In the processing of fitness function, we use formula (11) and formula (12) to normalize U and 1
Steps of the algorithm The binary PSO spectrum allocation algorithm is based upon the model of graph coloring. Its goal is maximizing system's overall performance without interference, and finding out the best assignment scheme of spectrum allocation.
The ; randomize positions and velocities of particles in search space, the positions are the particles' current best positions p i , find the current best one as the global best position p g ; record the index g, p i and p g .
2) Evaluate each particle. Choose fitness function and compute each particle's fitness. If the particle's fitness bigger than the best current position p i , then set it as p i and update it. If the particle's p i better than the current p g , then update it as p g and record the index g.
3) Update. Update the velocity and position using equation (1), (3) σ and system's overall performance A.
IV. SIMULATION AND PERFORMANCE ANALYSIS
A. Simulation parameters
In the simulation test, the parameters are set as following: L,C are Stochastic created 0,1 binary matrix; B is stochastic chose natural number form 1 to M, and multiply it by 0.001; C1, C2 ,swarm, C1, C2,Vmax,Vmin,Tmax, ε equal to 2.0, 2.0,50,5,-5,60,le-10.
In order to comparing the performance of the proposed algorithm, we use system's sum bandwidth reward ( 1 w =1， w 2 =0), secondary users' access fairness (w 1 =0, w 2 =1) and system's overall performance (w 1 =0.5，w 2 =0.5) as fitness function. We get three algorithms using the above three fitness functions respectively, and the abbreviations of them are PSOMSB, PSOMAF and PSOOP. We compare the three algorithms with the CSGC algorithm under the CMSB and CMPF rules referred in literature [3] , and the abbreviations are CMSB and CMPF.
B. Simulation results and performance analysis
We set M=25, N=20 and run the algorithms 15 times. B， L，C are different in different experiments, but the same in the same experiment. From table 1 and figure 1, we can see that system's sum bandwidth reward of the two CSGC algorithms are more than that of PSOMSB, PSOMAF and PSOOP algorithms, and system's sum bandwidth reward of PSOOP is more than PSOMAF, but less than PSOMSB. The size relationship of system's sum bandwidth reward of the above five algorithms are as following: CMSB>CMPF>PSOMSB>PSOOP>PSOMAF, and the proportion relationship are 2.7697 ： 2.7734 ： 1.9098 ： 1.4926：1.
From table 2 and figure 2, we can see that secondary users' access fairness of the two CSGC algorithms are less From table 1 and the above analyzing result, we get the system's overall performance comparison result and list it in table 2, from which we can see that the system's overall performance of PSOMSB is elevated most, and PSOOP takes second place. The PSOMAF algorithm's overall performance falls a little. This indicates that the enhancement of the performance of the secondary users' access fairness is by means of sacrificing the system's sum bandwidth reward. Therefore, in the practical application, we should choose different algorithm according to different demand.
We can see form figure 3 , when N=12, the system's sum bandwidth reward increases with the increasing of the number of idle bands; the system's sum bandwidth reward of the two CSGC algorithms are almost the same, and the size relationship of the three algorithms based on PSO are as follows: PSOMSB>PSOOP>PSOMAF. Figure 4 shows that, when N=12, the estimate of standard deviation of secondary users' bandwidth reward increases with the increasing of the number of idle bands, and the performance relationship of secondary users' access fairness as follows: PSOMAF> PSOOP> PSOMSB>CMPF>CMSB. Figure 5 shows that the executing time of CSGC algorithm is less than PSOMSB、PSOMAF, and PSOOP, and this is decided by the character of PSO. PSO is a kind of iterative optimization algorithm, and its executing efficiency relates to the initialization population, the iterative times, inertia parameter C 0 and learning factor C 1 , C 2 . We can adjust the algorithm's executing efficiency through altering the above parameters. Figure 6 shows that the executing time of the three spectrum allocation algorithms based on PSO increase as the increasing of the number of idle bands. Also we can see that the two CSGC algorithms' executing time almost invariability. This is because we use parallel CSGC algorithm, and the execution time is independent of the number of idle bands.
According to the above synthesis analyzes, we find that the sum bandwidth reward of from the three PSO algorithms is less than that of CSGC algorithm's, but the secondary users' access fairness of them is better than CSGC algorithms'. The PSO spectrum allocation algorithms tradeoff between the performance of sum bandwidth reward and secondary users' access fairness, and obtain good system's overall performance.
V. CONCLUSION
The availability spectrum allocation of idle bands is a key approach to enhancing the utilization of wireless spectrum in cognitive wireless systems. The model of spectrum allocation can be expressed as an optimization problem, and we use the PSO algorithm, a swarm intelligence algorithm, to solve it. In this paper, we use system's sum bandwidth benefit, second users' access fairness, and system's overall performance as the fitness functions respectively, and proposed a novel spectrum allocation algorithm based on PSO. Then we compare the proposed algorithms' performance with the CSGC algorithm's under the CSUM and CMPF rules. Simulations show that the proposed methods take a good tradeoff between system's sum bandwidth reward and secondary users' access fairness, and have a better system overall performance, while with longer executing time, which can be shorten by adjusting the parameters of the PSO algorithm. Among the proposed three PSO spectrum allocation algorithms, the system's sum bandwidth reward of PSOMSB algorithm is biggest, and the secondary users' access fairness of PSOMAF algorithm is best. The PSOOP algorithm's performance tradeoffs between PSOMSB algorithm and PSOMAF algorithm, and this indicates that the enhancement of secondary users' access fairness performance is cost by sacrificing the sum bandwidth reward. In the practical application, users can choose different algorithms according to different needs. The proposed algorithm is especially adaptive to the cognitive radio spectrum allocation in the slow changing environment.
